BACKGROUND & AIMS:
Ulcerative colitis (UC) is difficult to treat, and standard therapy does not always induce remission. Fecal microbiota transplantation (FMT) is an alternative approach that induced remission in small series of patients with active UC. We investigated its safety and efficacy in a placebo-controlled randomized trial. METHODS: We performed a parallel study of patients with active UC without infectious diarrhea. Participants were examined by flexible sigmoidoscopy when the study began and then were randomly assigned to groups that received FMT (50 mL, via enema, from healthy anonymous donors; n ¼ 38) or placebo (50 mL water enema; n ¼ 37) once weekly for 6 weeks. Patients, clinicians, and investigators were blinded to the groups. The primary outcome was remission of UC, defined as a Mayo score 2 with an endoscopic Mayo score of 0, at week 7. Patients provided stool samples when the study began and during each week of FMT for microbiome analysis. The trial was stopped early for futility by the Data Monitoring and Safety Committee, but all patients already enrolled in the trial were allowed to complete the study. RESULTS: Seventy patients completed the trial (3 dropped out from the placebo group and 2 from the FMT group). Nine patients who received FMT (24%) and 2 who received placebo (5%) were in remission at 7 weeks (a statistically significant difference in risk of 17%; 95% confidence interval, 2%À33%). There was no significant difference in adverse events between groups. Seven of the 9 patients in remission after FMT received fecal material from a single donor. Three of the 4 patients with UC 1 year entered remission, compared with 6 of 34 of those with UC >1 year (P ¼ .04, Fisher's exact test). Stool from patients receiving FMT had greater microbial diversity, compared with baseline, than that of patients given the placebo (P ¼ .02, Mann-Whitney U test). CONCLUSIONS: FMT induces remission in a significantly greater percentage of patients with active UC than placebo, with no difference in adverse events. Fecal donor and time of UC appear to affect outcomes. ClinicalTrials.gov Number: NCT01545908.
Keywords: IBD; Treatment; Microbe; Colon. U lcerative colitis (UC) is a chronic inflammatory disorder of the colorectum that has a peak incidence in early adulthood. 1 The cardinal symptom of UC is bloody diarrhea, 2 which is associated with a significant reduction in quality of life. 3 The etiology of the disease is unknown, but it is thought to arise from an aberrant immune response to a change in colonic environment in a genetically susceptible individual. 2, 4 Current medical treatment remains imperfect 5 and a significant minority of patients need colectomy to manage their disease. 6 There have been advances in therapy, 7 but gains have been modest. The focus of drug development has been on altering the immune response 8 rather than reducing factors that stimulate the aberrant immune response. 9 A likely candidate that could drive the immune response in UC is the colonic microbiome, as this is altered in patients with the disease compared with healthy controls 10 and animal models of colitis require gut bacteria to induce inflammation. 11 Fecal microbiota transplantation (FMT) has emerged as a novel approach to altering the colonic microbiome and can successfully treat antibioticresistant Clostridium difficile colitis. 12, 13 The concept of FMT has captured the imagination of the public, and this approach is being advocated for a number of diseases, including UC. The efficacy of FMT is unclear in other situations and there have only been a few case reports of FMT in UC, with conflicting results. 14, 15 We report the first randomized trial of FMT to treat active UC.
Methods

Study Design
This is a double-blind randomized controlled trial of FMT vs placebo in active UC conducted in Hamilton Health Sciences, St Joseph's Healthcare Hamilton, and McMaster University, Hamilton, Canada. The local research ethics committee at McMaster University approved the trial and Health Canada had no objection to the use of FMT for this study. All participants provided written informed consent and an independent Data Monitoring and Safety Committee evaluated the trial annually.
Study Population
Eligible patients were 18 years or older with active UC defined as a Mayo Clinic score 16 !4 with an endoscopic Mayo Clinic score !1. Concomitant treatments for UC, such as mesalamine, glucocorticoids, immunosuppressive therapy (eg, azathioprine), or tumor necrosis factor antagonists were permitted, provided these had been used at a stable dose for at least 12 weeks (4 weeks for glucocorticoids) and disease remained active. Five patients who were previously exposed to topical mesalamine or steroids had a 30-day washout period before being enrolled. Patients were excluded if they had taken antibiotics or probiotics in the last 30 days, had concomitant C difficile infection or another enteric pathogen, had a disease severity that required hospitalization, were pregnant, or were unable to give informed consent.
Baseline Assessments
Potentially eligible patients were scheduled for a flexible sigmoidoscopy and also completed baseline questionnaires to obtain demographic information, Mayo score, 16 Inflammatory Bowel Disease Questionnaire score (a validated disease specific quality of life measure; range of scores from 0 to 224 with higher score indicating better quality of life), 17 and EuroQol (EQ-5D) score (a validated general quality of life measure; range score 0 to 100 with higher score indicating better quality of life). 18 Blood samples were drawn for inflammatory markers (complete blood count, erythromycin sedimentation rate, and C-reactive protein) and serology for human immunodeficiency virus; hepatitis A, B, and C; and syphilis. Stool samples were provided by the participant and were screened for ova, cysts, and parasites, as well C difficile toxin gene tested by polymerase chain reaction. In addition, stool samples were collected in a sterile, airtight container for microbiota assessment.
Randomization
Eligible patients were randomized 1:1 according to a computer-generated randomization list that was stratified for patients with UC diagnosed within 1 year. The randomization was held centrally at the McMaster Gastroenterology Clinical Trials Unit to ensure concealment of allocation. The treatment location was masked to the patient, health care workers caring for the patient, and investigators. The technician administering FMT or placebo was aware of the treatment being administered, as the nature of the intervention meant that it was not possible to make it identical to the placebo.
Interventions and Follow-Up
FMT was prepared from stool donated by volunteers who were between 18 and 60 years of age and were otherwise healthy, as assessed by a screening questionnaire (see Supplementary Material). Donor stool was screened for enteric pathogens, including Salmonella, Shigella, Campylobacter, Escherichia coli O157 H7, Yersinia, as well as ova, cysts, and parasites and C difficile toxin. The donor had to have negative serology for human immunodeficiency 1/2, hepatitis A IgM, hepatitis B surface antigen, hepatitis C antibody, syphilis, and human T-lymphotrophic virus 1/II and be screened negative for vancomycin-resistant Enterococcus or methicillin-resistant Staphylococcus aureus. All donors were prospectively screened and rescreened every 6 months. Stool was retested whenever a donor returned from travel outside of North America. The donor could not provide stool samples if they had taken antibiotics in the previous 3 months. Donor stool was delivered for processing within 5 h of collection. Fifty grams of donor stool was collected in the preweighed container and mixed with 300 mL commercial bottled drinking water. The mixture was emulsified for 3 to 5 minutes using a clean wooden/plastic spatula and then allowed to settle for 5 minutes. Filter paper was placed over the mixture until the supernatant filtered to the top and this was then decanted using a 60-mL syringe. The supernatant was either administered immediately to the patient or stored at À20 C. Participants were randomized to receive 50 mL FMT or placebo consisting of 50 mL water given as a retention enema once per week for 6 weeks. The enema was administered with the patient in the left lateral position with instructions to retain this for at least 20 minutes. Patients provided stool samples each week before receiving their retention enema and samples were stored at À20
C for fecal microbiota analysis. The donor samples that were analyzed were those that were given to the patient. If the samples were frozenÀthawed, it was the thawed sample that was sent for microbiome analysis. Adverse events were assessed at every weekly visit and the intervention was administered in a different hospital from where the patient was assessed for response to therapy.
Participants returned to complete a further Mayo Clinic score, Inflammatory Bowel Disease Questionnaire, EQ-5D, and have an exit flexible sigmoidoscopy at week 7 (±3 days). One investigator (PM) performed all flexible sigmoidoscopies at baseline and week 7, with the exception of 2 baseline sigmoidoscopies and 1 exit sigmoidoscopy (performed by JKM). Two rectal, sigmoid, and descending colon biopsies were taken for histology at baseline and at week 7.
Clinical Outcomes
The primary outcome was UC remission at week 7, defined as a full Mayo score <3 and complete healing of the mucosa at flexible sigmoidoscopy (endoscopic Mayo score ¼ 0). Secondary outcomes included improvement in UC symptoms (defined as !3 improvement in full Mayo score), as well as change in Mayo, Inflammatory Bowel Disease Questionnaire, and EQ-5D scores. There was a 12-month follow-up phase of the trial planned with re-randomization to either open label no therapy or FMT once per month for 12 months. This part of the trial was discontinued, as there were insufficient patients entering remission at week 7. We did, however, record changes in UC medication, serious adverse events, hospitalization for UC and colectomies, as well as partial Mayo score at month 12.
Assessment and Analysis of the Microbiome
Microbial community profiling was conducted by extracting genomic DNA from patient and donor stool samples using a protocol described previously, 19 which enhances total DNA recovery. After genomic DNA extraction, the V3 region of the 16s ribosomal RNA gene was amplified (total polymerase chain reaction volume of 50 mL [25 pmol of each primer, 200 mL each deoxynucleoside triphosphate, 1.5 mM MgCl 2 , and Taq polymerase] divided into triplicate for greater efficiency). Samples were sequenced using the Illumina MiSeq platform, as per manufacturer's instructions and raw sequence reads were processed as described previously. 20 The stool microbiota was sampled to mean depth of 103,341 reads per sample (median ¼ 87,509). Beta diversity (Bray-Curtis dissimilarity) was calculated using the Phyloseq R package 21 and statistical differences between pairwise comparisons were calculated using Mann-Whitney U test, with significance defined as P < .05. Relative abundance and taxonomic profiles were computed using Quantitative Insights Into Microbial Ecology. 22 
Statistical Analysis
We aimed to recruit 130 active UC patients (65 in each arm) using sample size calculations that assumed a 25% remission rate in the placebo arm 23 and a 50% remission rate in the FMT arm, using 80% power and 5% significance, and assuming a 10% attrition rate. 23 Pearson's c 2 or Fisher's exact test was used to analyze the primary outcome of the proportion of patients in remission at study completion. The primary analysis was intention to treat with an evaluable patient analysis also planned. All other categorical data were analyzed using Pearson's c 2 or Fisher's exact test. Continuous data were analyzed using t tests and linear regression, with the baseline value being one of the covariates. Logistic regression and least absolute shrinkage and selection operator were used to evaluate independent predictors of response to therapy. All analyses were conducted using R version 3.1.0. PM, MW, and PTK had full access to the data and PM was responsible for submitting the manuscript.
Results
Patients and Termination of the Trial
Patients were recruited during an 18-month period commencing in July 2012. The Data Monitoring and Safety Committee reviewed the data at the approximate 50% recruitment point of the trial and, at that time, there were 4 of 27 patients in remission in the FMT arm and 2 of 26 in the placebo arm. The Data Monitoring and Safety Committee advised that the trial should be discontinued for futility because the primary end point was unlikely to be achieved as specified in the protocol. They also recommended that patients already enrolled in the trial should complete their allocated therapy. At the point that the Data Monitoring and Safety Committee made this decision, there were 22 participants that had been screened and were eligible and awaiting entry to the trial or were already receiving intervention, but had not yet completed the trial. Overall, 85 patients were considered for the trial, 75 were randomized and 70 completed therapy (Figure 1 ). Baseline characteristics of the participants were similar, although those allocated to placebo were slightly older, with a female preponderance ( Table 1) .
Donors
We initially recruited two donors (donor A and B) to provide FMT for the study to minimize the variability of the intervention and aid interpretation of the microbiome analysis. However, after the first 17 participants were enrolled, donor B was prescribed antibiotics and did not donate for 4 months. Four other donors' (donor C to F) stools were used during this period, which ended shortly before the Data Monitoring and Safety Committee's assessment. The remaining participants allocated to active therapy all received FMT from donor B exclusively, as we had not experienced any success with donor A (Figure 2) . In all but one case, donors were anonymous, but 1 patient requested their spouse be used as a donor. This person was randomized to active therapy and was a treatment failure. Twentyone patients received frozenÀthawed stool, 15 patients received fresh stool, and 1 patient was given both fresh and frozen stool on different weeks.
Clinical Outcomes
Overall, there was a statistically significant effect of FMT on inducing remission in UC, with 9 of 38 (24%) patients in the FMT arm vs 2 of 37 (5%) in the placebo arm in remission at the end of treatment (P ¼ .03, Pearson's c 2 ; Table 2 ). There were no patients with an endoscopic Mayo score ¼ 0 and a total Mayo score !3, so an end point of an endoscopic Mayo score ¼ 0 gave the same result.
The proportion of patients with improvement in symptoms and the various quality of life scores were not statistically significant (Table 2 ). There was no difference in serious adverse events between the FMT and placebo groups ( Table 2 ). We evaluated factors that might predict treatment success using logistic regression and least absolute shrinkage and selection operator. Of the 19 covariates, 10 were chosen by least absolute shrinkage and selection operator with randomization being one of them. When we ran logistic regression on these covariates, randomization was the only statistically significant positive covariate (P ¼ .05, Supplementary Tables 1À9). There were also no statistically significant differences in change scores between groups (Supplementary Table 10 ).
We also assessed the histology of patients who were in remission at week 7 in a post-hoc analysis. Seven of the patients in remission in the FMT arm had no active inflammation in any biopsy, and the other 2 patients had mild patchy inflammation in the rectum with no active inflammation in sigmoid and descending colon biopsies (both had inflammation on histologic assessment at these sites at baseline) at week 7. One of the 2 patients that were in remission with placebo had no active inflammation in any biopsy, and the other had mild active inflammation in all biopsies.
There were 38 patients randomized to FMT. . There was also a trend for frozen stool to have greater efficacy than fresh stool, although most of the treatment successes were also using donor B (Supplementary Table 9 ). We evaluated factors that might predict treatment success in the FMT arm, and there was no impact of sex, age, Mayo score at baseline, disease extent, smoking history, current steroid therapy, or tumor necrosis factor antagonist therapy on treatment success (Supplementary Table 2À8) .
Five patients had significant adverse events. One person in the placebo group developed worsening colitis and was admitted to hospital 3 weeks into the trial and had an , 26) 7.2 ± 7.7 10.6 ± 16.6 High ESR, n (%) (27, 26) 14 (52) 8 (31) High CRP, n (%) (27, 26) 13 (48) urgent colectomy. Three patients in the trial (2 in the FMT group and 1 in the placebo group) developed patchy inflammation of the colon and also rectal abscess formation, which resolved with antibiotic therapy. One patient in the FMT group with worsening abdominal discomfort tested positive for C difficile toxin after study exit. We have followed up the 37 patients that received FMT in this randomized trial for 12 months, although in 5 patients, follow-up has only been for 9À11 months and 6 patients failed to respond. It is important to note that patients were informed of their randomization status once all trial information on that patient was obtained, so these data are open label. Eight of the 9 patients that were in remission at week 7 on FMT have remained in remission at week 52 without any relapse in their symptoms. Two of these patients have only been followed up for 9À11 months. Four patients have elected to stop all their UC medications (1 patient on mesalamine, 1 on long-term corticosteroids, 1 on both mesalamine and azathioprine, and 1 on infliximab) and have remained remission free to date. Three of these patients have been receiving FMT once per month (2 electively and 1 as part of the trial that was discontinued). One patient experienced a relapse of their symptoms after taking a course of antibiotic therapy and elected not to have any further FMT therapy. This patients started infliximab and still has some UC symptoms, with a partial Mayo score of 5. Eleven patients believed their symptoms were improving in the trial and when informed that they had been randomized to FMT elected to have further open-label FMT therapy for 6À12 weeks. Four of these patients went into remission with no inflammation at additional 6-to 12-week flexible sigmoidoscopy, and all have remained in remission at week 52. The remaining 20 patients had no further FMT therapy and 14 of these have completed follow-up questionnaires. One patient had a colectomy for failure of UC medical therapy, but there was no significant change in the disease status of the other participants.
Microbiome Outcomes
Patients were separated into their respective cohort (FMT treatment [active] and placebo) and community similarity (or stability) over time was computed using pairwise comparisons of week 0 to week 6. There was a statistically significant change in microbiota composition with more diversity in the treatment group compared with the placebo group at week 6 vs baseline (P ¼ .02, Mann-Whitney U test) (Figure 3 ). When similarity was compared between the active cohort after FMT (week 6) and their respective donors, there was a statistically significant effect of the active therapy group being more similar to their donor than a control fecal sample (P ¼ .04, Mann Whitney U test; Figure 4A ). Taxonomic profiles of the donors highlighted distinct microbial differences between the 2 most common donors (A and B) used in this study ( Figure 5 ). Notable differences include a significant enrichment for the family Lachnospiraceae and the genera Ruminococcus in donor B, and donor A displayed enrichment for the genera Escherichia and Streptococcus. Notably donors B and F had similar profiles and both were associated with successful FMT. As most of the responders received donor B, we evaluated whether responders in this group had more Proportion with high ESR, n (%) 4 (24) 3 (20) 1.0 Proportion with high CRP, n (%)
5 (29) 2 (13) .40 Patients with serious adverse events n (%)
NOTE. All continuous data evaluated using analysis of covariance adjusting for baseline value are mean ± SE. Full Mayo and IBDQ had missing values, which were replaced by their means. The Full Mayo, IBDQ, and EQ-5D are adjusted means for baseline, and P value is the significance of the randomization to placebo or FMT. All analyses are intention to treat. CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IBDQ, Inflammatory Bowel Disease Questionnaire. a Defined as full Mayo Clinic score <3 and an endoscopic Mayo Clinic score ¼ 0.
b Defined as a reduction in full Mayo clinic score of at least 3 points. c One patient had the diagnosis changed to Crohn's colitis and one was admitted to hospital with active ulcerative colitis. similarity at the end of therapy with donor B than nonresponders. There was a trend for responders having microbiota that was more similar to donor B than nonresponders, but this did not achieve statistical significance (P ¼ .07, Mann Whitney U test) ( Figure 4B ).
Discussion
This is the first randomized, placebo-controlled trial, to evaluate the efficacy of FMT in active UC and suggests that this approach induces remission in a statistically significant proportion of cases. FMT may be more efficacious in patients with a recent diagnosis of UC, and this is biologically plausible, as a perturbation in the microbiome might be more easily restored early in the course of the disease. The efficacy of this approach may also be donor dependent and this may explain why some case series have shown promise, 14 and others have had disappointing results. 15 The benefit was relatively modest, but our end point for treatment success was more stringent than most trials in UC 23 and remission rates seen with FMT were consistent with a similar end point for a novel biologic therapy. 7 The secondary end points were not met in this trial. Softer end points often have higher placebo response rates, 5 and this can limit the power to show a statistically significant difference between active therapy and placebo. 24 There was also no statistically significant effect of FMT over placebo on disease-specific or general quality of life. Quality of life is multidimensional and influenced by other factors, as well as UC activity, and this might explain why there was no significant impact of FMT on these outcome measures. 24 There are a number of questions on the administration of FMT that remain unanswered. Many protocols recommend giving bowel lavage before donor feces administration and also giving antibiotics before the transplantation 25 to facilitate the colonization of microbiota from the donor. We did not adopt this in the trial FMT protocol, as currently there is a paucity of data to support this practice, 26 and if colonic lavage and/or antibiotic therapy had any impact on UC activity, 27 this would complicate the interpretation of the study. There is also uncertainty as to whether fresh or frozenÀthawed fecal samples should be used for FMT. 28 Data from patients with antibiotic-resistant C difficile suggest that although the frozen stool may have a different microbiota distribution, both are equally efficacious, 29, 30 and there was no difference in outcome seen in this study. There was a trend for frozenÀthawed stool to perform better, although evaluation of this is confounded by the fact that most of the treatment successes were also related to donor B. Studies that have evaluated FMT in C difficile and in inflammatory bowel disease have used a variety of routes of administration, including retention enemas, colonoscopy, and the nasoduodenal route.
14, 25 We chose the retention enema approach, as one systematic review 25 of the C difficile literature suggested this was more effective than the nasoduodenal route, and also UC is characterized by a disorder that commences in the rectum but can extend the length of the large bowel. 4 We speculate that the dysbiosis of UC 31 is therefore likely to start in the rectum and it is plausible that this is best targeted by retention enema. It is interesting to note that patients with pancolitis due to C difficile colitis have been effectively treated by FMT using a retention enema. 32 We also chose the rectal route for safety reasons. A systematic review of the literature suggests that the nasojejunal approach might have more adverse events, 25 and, in a small case series, 5 all patients were given FMT by the nasojejunal route and developed a fever and rise in C-reactive protein.
A limitation of this trial is that we did not perform colonoscopy at study exit and it is possible that patients with extensive colitis have active disease beyond the limit of the flexible sigmoidoscope. It is, however, unlikely that they would be symptom free and 1 patient with extensive colitis that had successful FMT did require colonoscopy for screening purposes after exiting the trial and had no active inflammation throughout the colon to the cecum either endoscopically or histologically (Supplementary Figure 1) . This is the largest randomized trial of FMT in any disease and, in addition, the number of patients enrolled in the trial is double that seen in a systematic review of all case series of FMT in UC.
14 Nevertheless, the sample size of the trial is modest and the magnitude of the effect of FMT in UC remains uncertain. The trial was also stopped early, as we did not anticipate the extent of positive effect seen at completion of the study. This may relate to the effect being donor dependent and it is notable that donor B was not available in the time leading up to the Data Monitoring and Safety Committee meeting and all patients subsequent to this were treated with donor B.
In conclusion, this is the first randomized trial to demonstrate efficacy of FMT in UC. Many questions remain, but this provides interesting data suggesting that altering the gut microbial flora may be promising for treating UC.
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